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Spectroscopic features revealing the coherent interaction 
of a degenerate two-level atomic system with two optical fields 
are examined. A model for the numerical calculation of the 
response of a degenerate two-level system to the action of an 
arbitrarily intense resonant pump field and a weak probe in 
the presence of a magnetic field is presented. The model is 
valid for arbitrary values of the total angular momentum of 
the lower and upper levels and for any choice of the polar- 
izations of the optical waves. Closed and open degenerate 
two-level systems are considered. Predictions for probe ab- 
sorption and dispersion, field generation by four-wave-mixing, 
population modulation and Zeeman optical pumping are de- 
rived. On all these observables, sub-natural- width coherence 
resonances are predicted and their spectroscopic features are 
discussed. Experimental spectra for probe absorption and ex- 
cited state population modulation in the D2 line of Rb vapor 
are presented in good agreement with the calculations. 
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I. INTRODUCTION. 

When an atomic transition is driven by quasi-resonant 
light, after a transient evolution, the quantum state de- 
scribing the atomic system becomes correlated in time 
with the exciting light field. This correlation is in turn re- 
sponsible for the coherent interaction between the atomic 
system and the light. Of special interest is the case when 
the atomic system interacts with two optical fields. In 
this case, in addition to the induced atomic coherence at 
the frequencies of the two fields, the non-linearity of the 
medium is responsible for atomic coherence at frequencies 
that result from the linear combinations of the frequen- 
cies of the two incident optical fields. These additional 
frequency components in the atomic dynamics manifest 
themselves in the spectral dependence of different observ- 
ables such as absorption or new field generation. 

The response of a pure two-level system, driven by a 
monochromatic pump wave and tested by a weak probe 
with variable frequency offset with respect to the pump, 
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is well known [Q-^). In the case of a relatively weak 
pump field (Rabi frequency no larger than the transi- 
tion natural width) the coherent interaction of the two- 
level system with the two fields is responsible for narrow 
features in probe absorption (occurring when the two- 
level transition is open) whose width is determined by 
the ground-state relaxation rate . Although theoret- 
ical predictions based in the simple two-level model have 
proven to be powerful for the interpretation of a large 
number of experimental results, pure two-level systems 
are seldom found in real experiments. In most cases, the 
atomic levels are degenerate and the vectorial nature of 
the electromagnetic field plays an essential role. 

Well before the advent of the laser, it was realized 
that resonant light can modify the state of a degener- 
ate atomic level through optical pumping among Zeeman 
sublevels ||. Experiments using optical and/or radiofre- 
quency excitation demonstrated the occurrence of orien- 
tation, alignment and Zeeman coherence. The invention 
of the laser opened the way to the study of the coherent 
response of degenerate system in the optical domain. Es- 
sential theoretical contributions in this subject are due to 
Berman and co-workers 0-^]. In their work, the crucial 
role of optical pumping in degenerate two-level system is 
underlined and it is demonstrated that sub-natural- width 
spectroscopic resonances are associated to the non con- 
servation of population, orientation or alignment. The 
connection between these narrow spectroscopic features 
and sub-Doppler cooling was established in || and the 
pump-probe spectroscopy of degenerate two-levels sys- 
tems including the effect of the atomic recoil was con- 
sidered in Bo Gao ||il^ , |lT| has developed a method 
allowing the calculation of the weak probe absorption by 
a closed degenerate two-level system driven by a linearly 
polarized pump wave and no magnetic field. The reso- 
nance fluorescence spectrum of a driven degenerate two- 
level systems was qualitatively discussed with the help of 
the dressed atom model [jl2j and explicitly derived [13). 
Also, let us mention that several authors have been con- 
cerned with the steady-state preparation of a degenerate 
two level system due to the excitation by a unique field 
of arbitrary elliptic polarization |IJ,[l5|,[l^,[l6] |l8) . 

In this paper we are concerned with the spectroscopic 
features of the coherent response of driven degenerate 
two level systems. Our attention is placed on the sub- 
natural-width resonances associated to the coherent na- 
ture of the interaction of an atomic system with a drive 
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and a probe field. As discussed below, such resonances 
are present in a large variety of physical observables such 
as probe absorption, dispersion, fluorescence, four-wave- 
mixing (FWM) etc. The aim of this paper is to discuss 
the essential spectroscopic features of the coherence res- 
onances present on these observables and discuss the de- 
pendence of these features in parameters such as external 
magnetic field, optical fields polarizations, light intensity 
and atomic level characteristics. 

Additional motivation for the study of degenerate two- 
level systems arise from the connection of this prob- 
lem with that of the study of multilevel configurations 
where interesting coherent effects have attracted con- 
siderable attention in recent years. Among them is 
the phenomenon of coherent population trapping (CPT) 
|jl9f and the related effect of electromagnetic induced 
transparency (EIT) |2(| observed in three-level systems 
(mainly A systems) . These effects have found interesting 
application for subrecoil laser cooling |2lf| , magnetome- 
try [p2| , refractive index enhancement fl23| , enhancement 
of non- linear susceptibility 24 1, steep dispersion and 
ultra-low group velocity propagation pr| . Degenerate 
two-level systems provide us with the possibility to an- 
alyze some of the level schemes studied so far within a 
unique theoretical frame. Under the appropriate choice 
of the pump and probe polarizations and the angular 
momenta of the involved levels, the degenerate two level 
system in the presence of two-fields reduces, as a partic- 
ular case, into several of the multi-level configurations 
previously studied (A, V,N configurations, etc.). One 
can thus expect that degenerate two level systems will 
be suitable for the observation of coherent effects includ- 
ing those previously predicted and observed in three level 
configurations. In addition, new effects such as Electro- 
magnetically Induced Absorption (EIA) [^7|j28| appear in 
the degenerate two level system that are not present in 
three-level configurations. 

The first part of the paper is devoted to the presen- 
tation of a theoretical model allowing the calculation of 
the complete response to first order in the probe field of 
an atomic system composed of two degenerate levels of 
given total angular momentum driven by a pump wave. 
The model is based in a semiclassical treatment of the 
atom+fields dynamics based in optical Bloch equations 
|[7|-pT[. It is intended to be suitable for the numerical 
calculation of the response of the atomic medium in a 
wide variety of cases: Arbitrary values of the total angu- 
lar momentum of the ground and excited levels can be 
considered. Arbitrary and independent elliptical polar- 
izations are allowed for the pump and probe waves. The 
presence of an external magnetic field is included. Both 
open and closed two-level systems can be treated. 

The model results in the derivation of the equation 
|l6| below satisfied by the operator a defined in order to 
contain all density matrix terms corresponding to the re- 
sponse of the atomic system (under the presence of the 



arbitrarily intense pump wave) to first order in the probe 
wave. Different spectroscopic observables such as probe 
absorption and dispersion, new field generation, popula- 
tion modulation, magnetic orientation, are subsequently 
derived from the operator a as discussed below. The 
spectral features present on these observables are then 
discussed with special attention on the subnatural- width 
resonances due to the coherent interaction between the 
atomic system and the fields. The predictions are illus- 
trated with experimentally observations of probe absorp- 
tion and fluorescence modulation carried on the D2 lines 
of Rb vapor. 

The paper is organized as follows. The second section 
is devoted to the presentation of the theoretical model 
and to the derivation of the expressions for different ob- 
servables. The spectroscopic features of each of these ob- 
servables as a function of the optical and magnetic field 
parameters are specifically discussed. The third section 
is devoted to experimental observations concerning probe 
absorption and population modulation spectra. Finally, 
some conclusions are presented. 



II. THEORY. 
A. Model. 

The model was developed having in mind transitions 
within the D lines of alkaline atoms. However, it is not 
restricted to this case. It can be applied to any dipole 
allowed atomic transition from a long-living lower level 
to an upper level rapidly damped by spontaneous emis- 
sion. We consider two degenerate levels: a ground level 
g of total angular momentum F g and energy Hu) g and 
an excited state e of angular momentum F e and energy 
hoj e . The total radiative relaxation coefficient of level e 
is T. We assume that the atoms in the excited state can 
radiatively decay into the ground state g at a the rate 
bT, where b is a branching ratio coefficient that depends 
on the specific atomic transition (0 < b < 1). b = 1 for 
a closed (cycling) transition. In the case of open tran- 
sitions (b < 1), excited atoms can decay back into level 
g or into one or several levels external to the two-level 
system where they remain (see Fig. |I|). 
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FIG. 1. Level scheme considered for the model. The 
ground level g and the excited level e are degenerate with 
total angular momentum F g and F e respectively. Vertical ar- 
rows: excitation fields. Black dashed arrows: radiative decay. 
Oblique gray arrows: arrival and departure from the interac- 
tion zone. 

Let consider a homogeneous ensemble of atoms at rest. 
However, in order to simulate the effect of a finite interac- 
tion time of the atoms with the light, we assume that the 
atoms escape the interaction region at a rate 7 , (7 < T). 
This escape is compensated, at steady-state, by the ar- 
rival of fresh atoms in the ground state. 

The atoms are submitted to the action of a magnetic 
field B and two classical optical fields: 



E i {t) = Efe^ t 



(i = M) (l) 



Bj are complex polarization vectors. The 
Hamiltonian of the system can be written as: 

H(t) = H + V 1 (t) + V 2 (i) 



with: 
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here P g and P e are the projectors on the ground and 
excited manifolds respectively. (3 g and j3 e are the gyro- 
magnetic factors of levels g and e respectively. F z is the 
component of the total angular momentum operator F 
along the magnetic field direction. D ge = D< = P g DP e 
is the lowering part of the atomic dipole operator (we 
assume that P g DP g = P e DP e = 0). In Eq. || the usual 
rotating wave approximation is used. 

The temporal evolution of the atomic density matrix 
p is governed by the master equation [p9[: 
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where Q q ge — Qp g (q = —1, 0.1) are the standard compo- 
nents of the dimcnsionless operator: 
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F e ( g ) is the total angular momentum of the ex- 
cited(ground) state and /#||.D||e^ is the reduced matrix 

element of the electric dipole operator. 

The first term on the right hand side Eq. |t] represents 
the free atomic evolution in the presence of the two op- 
tical fields and the magnetic field. The remaining terms 
correspond to atomic relaxation. The second term on the 
right hand side accounts for the radiative relaxation of 
the excited state. The third term describes the feeding 
of the ground level by atoms decaying from the excited 
state. The last term phenomenologically accounts for the 
finite interaction time and ensures the relaxation of the 
system, in the absence of optical fields, to the thermal 
equilibrium state assumed to be described by the density 
matrix po = P g /(2F g + 1) corresponding to an isotropic 
distribution of the atomic population in the ground-state. 
Since there is no specific ground-state relaxation mecha- 
nism and 7«r, the rate 7 effectively plays the role of 
a ground-state relaxation coefficient. 

In order to find the response of the system to the two 
fields we first consider the effect of field E\ (hereafter 
designated as pump field) to all orders. Next, we calculate 
the effect of field Eq, {probe field) to first order. This 
procedure is analogous to the employed in the classical 
deduction of Mollow || . 

To obtain the response of the atomic system to the 
pump it is convenient to introduce the slowly varying 
matrix erg given by: 
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after substitution into Eq. fj] (with V2 = 0) one has for 
the steady state value of <r° the equation: 



7A> = -~ [Ho+Vi- Hu^Pe, a ] - ^{P e ,a } 



g=-l,0,l 



(10) 
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with: 

V 1 =E 1 ei-3 ge + E^ei-3 eg (11) 

Eq. [h] represents a system of coupled linear equations involving the coefficients of the density matrix a . We have 
numerically solved this system by employing a Liouville space formalism ]30|j3l[ in which the state of the system is 
represented by a vector x whose elements are the coefficients of the density matrix er°. In the Liouville space Eq. [h] 
can be put into the form £x = Xo (£ is a linear operator and xo a constant vector) and readily inverted. 

The relaxation term describing the return of the unperturbed system to equilibrium (fourth term in the right hand 
side of Eq. [lO]), as well as the possible escape to external levels when b < 1, do not conserve the total population. In 
consequence, the solution of Eq. [1^ must be normalized by the total number of atoms N = n g + n e + n ex t where n g , 
n e and n ex t are the populations of the ground level, excited level and external level(s) respectively. Since at steady 
state the population of the external level(s) obeys the balance equation: T(l — b)n e = "fn ext we have: 

N = n s +n e [l + (l-6)r/ 7 ] (12) 

where n g and n e are the ground and excited-state populations obtained from the numerical solution of 10 respectively. 
After normalization the solution of Eq. [l(], er° fully accounts for the preparation of the system by the pump. This 
includes effects such as optical saturation and induced coherence between ground and excited states, orientation and 
alignment due to Zeeman optical pumping and depopulation. 

To analyze the effect to first order of the probe field on the atom + pump system, we seek a solution of Eq. under 
the form j|]: 

PsS) = P gP it) P g = a° gg + a+e iSt + a; g e~ i5t 
p ee (t) = P e p (t) P e = a° ee + a+e m + a~ e~ m 

p ge {t) = P gP (t) P e = (a% + a+e m + a ge e- Ut ) (13) 

p eg (t) = P e p (t) P g = e-^ (a% + a+e iSt + <j- g e~ m ) 

with S = LU2 — ui\ . After substitution into Eqj?] and keeping only terms to first order in E% one has the following 
system of linear equations coupling cr+ e , a + , a+ g and cr+ : 

iE 2 {e 2 .D ge )al g - -i [H g , a+] - iMa+ g + bhT £ Q^a+Qlg 

g=-l,0,l 

-h 7 a+ - i (£7xei ■ D ge a+ - <r+E& ■ D eg / 
-iE 2 a° eg (e 2 .D ge ) = -i [H e ,a+] - iMv+ - ft (T + 7 ) a+ 

■ D eg a+ e - a+Eii! ■ D ge ) (14) 

{E 2 e 2 -D g ecrle - cr gg E 2 e 2 .D g ^j = -i (H g a+ e - <J ge H e ) -ih(8+ lui) cr g 



(Ele\ 



T te - n ( ^ + 7 ) OT+ 



E\e\ ■ D ge aJ e - a gg Eiei ■ D ge 



= -i (H e a+ - a+H g ) -ih(S- Ul ) <r+ - h ( - + 7 J a+ 



E{el ■ D eg a+ g - cr+Elel ■ D eg 
It is convenient at this point to introduce the non-Hcrmitian matrix a defined as: 



(15) 



After inspection it can be seen that EqslhJ can be then rewritten in the operatorial form: 
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where we have introduced the probe Rabi frequency 

n 2 = (2E 2 ■ D ge )/h. 

Eq. |l6| is numerically solved by the same Liouville- 
space procedure used to solve Eq. [h]. The resulting value 
of the operator a simultaneously provides the values of 
the four matrices cr+ e , <r+, a+ g and cr+ each of which 
contains useful information on the atomic response as 
will be now discussed. 

The information concerning the optical atomic polar- 
ization oscillating at the probe frequency is contained 
in matrix <r+ e (see Eqs. |i"3| ). The complex macroscopic 
atomic polarization at the frequency of the probe is given 
by: 



P(u> 2 ) = e xE 2 = nTr 



(17) 



where £o is the vacuum dielectric constant, \ — x' + *x" 
is the complex susceptibility tensor and n is the atom 
density. From the complex polarization we get the probe 
absorption coefficient as: 



a (uj 2 ) = k 2 (e 2 ■ x"e 2 ) = ^-e 2 ■ Imag Tr [a 



E 2 



■ ge^eg 



(18) 



k 2 is the modulus of the probe wave-vector. 

Similarly, the dielectric tensor s = £o(l + x') describing 
the dispersion of the probe by the atomic medium obeys: 



e ■ s e 2 = e Q < 1 



E-2 



Real 



(19) 



where e is an arbitrary unit vector. 

The matrix aj„ contains information about the off- 
diagonal elements of the density matrix evolving at the 
frequency 2wi — lu 2 . The corresponding atomic polariza- 
tion is responsible for the generation of a new optical field 
at this frequency by four wave- mixing (FWM) 

The intensity of the field generated by FWM satisfies: 



Ifwm(^uji - lu 2 ) oc n 2 



Tr 



(20) 



The matrices a^ g and cr+ contain information concern- 
ing the pulsation of the ground and excited state popu- 
lations at the difference frequency 8 between the pump 
and the probe fields. Opposite fluctuation of the total 
population occurs in the ground and the excited state. 
The effect of the modulation of the population of the 
excited state can be directly observed as an oscillating 
component (at frequency 8) of the fluorescence emitted 
by the atoms. The pulsation of the total fluorescence 
power emitted per atom is: 



AW(t) = 2bThv [Tr (a+) e i5t + cc] 



(21) 



Finally, the matrices a~^ g and cr+ also provide infor- 
mation about population redistribution and coherence 



among Zeeman sublevels (orientation and/or alignment) 
in the ground or excited state due to the simultaneous 
interaction with the pump and probe fields. This result 
in additional observables evolving at frequency 8 . As an 
example, the oscillating magnetic dipolc induced in the 
ground state by the coherent interaction with the pump 
and probe fields is given by: 



M g (t) = n(5 g 



Tr 



jst 



(22) 



In the following sections we present and discuss the 
spectroscopic features of the atomic response. Particu- 
lar attention is given to the absorption and population 
pulsation spectra for which experimental results are pre- 
sented. 



B. Probe absorption spectra. 

1. Spectra with zero magnetic field. 

We initially consider the results obtained for motion- 
less atoms in the absence of a magnetic field. Some 
examples of level configurations and the corresponding 
probe absorption spectra for particular choices of the po- 
larizations of the pump and probe fields are shown in 
Figs. H and [|. In general, the spectra are composed 
of a Lorentzian peak, whose width is given by the ex- 
cited state relaxation rate and in most cases, a narrow 
resonance (hereafter named coherence resonance) arising 
when the frequency offset 8 between pump and probe sat- 
isfies the condition for two-photon Raman resonances be- 
tween Zeeman sublevels. In the particular case of Figs. ^ 
and | a unique coherence resonance at 8 = occurs since 
B = 0. Let us first discuss the case of closed (cycling) 
transitions. Depending on the choice of the total angular 
momentum of the ground and excited states the coher- 
ence resonance corresponds to a reduction in the absorp- 
tion (EIT) or an enhancement of the absorption (EIA) 
p7| , p8| . No coherence resonance appears for some config- 
urations. As discussed in Ref. (2§| EIA occurs provided 
that three conditions are satisfied: i) The transition is 
closed, ii) F g > and Hi) F g < F e . This is the case of 
Fig. H (a). On the other hand, EIT occurs if F g > F e and 
F g > [Fig. | (b)] M 
occurs if F g = [Fig7[ 



. Finally, no coherence resonance 
|c)]. 
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Closed transitions (b=1) 




FIG. 2. Probe absorption spectra as a function of 
the frequency offset 5 (solid lines) with B — and 
«i/r = 2Ei (g \\D\\ e) / (RT) = 0.4, j/T = 0.001 for different 
closed (b = 1) atomic transitions. The spectra are normal- 
ized to the maximum of the linear absorption (represented in 
dotted lines). The pump and probe polarizations are linear 
and orthogonal in a, b, c and parallel in d. The corresponding 
angular momenta and magnetic sublevels scheme is shown in 
each case. Solid (dashed) arrows represent the pump (probe) 
field. 



the modulation in the atomic populations induced by the 
two fields f|j3§]. As in the case of closed transitions, no 
narrow resonance occurs for the F g = — > F e = 1 tran- 
sition when the polarizations are orthogonal (V system) 
[Fig. | (c)]. Finally when F g > F e [Fig. | (b)] a large 
EIT resonance is observed. As in the case of cycling tran- 
sitions, the transparency dip is essentially associated to 
the falling of the system into a dark state in the ground 
level rather than to an increased escape to external levels 




Open transitions (b=0.5) 




When the transition is open (b < 1), the previous re- 
sults are modified. In addition to an overall reduction of 
the absorption as a consequence of population loss to the 
external levels significant changes concern the coherence 
resonance. When F g < F e and Fg > for sufficiently 
large values of the escape rate (1 — b)T compared to 7 
a narrow transparency dip appears at the place of the 
absorption enhancement observed for cycling transitions 
M [Fig. (a)]. A similar absorption dip is present in the 
case of the F g = — ► F e = 1 transition with equal pump 
and probe polarizations [Fig. || (d)]. A situation that 
corresponds to the pure two-level system. The origin of 
the narrow dip is the same in the two cases. It can be 
attributed to the resonant scattering of the probe field by 



FIG. 3. Probe absorption spectra as a function of 
the frequency offset S (solid lines) with B — and 
Qi/T = 2E 1 (g \\D\\ e) / (KT) = 0.4, 7/r = 0.001 for different 
open (b = 0.5) atomic transitions. The spectra are normal- 
ized to the maximum of the linear absorption (represented in 
dotted lines). The fields polarizations are the same as in the 
corresponding case of Fig. |^. The insets represent enlarged 
views around the center of the spectra. 

In the present context, both EIT and EI A appear in the 
same theoretical framework as the result of the coherent 
interaction of the degenerate atomic system with the two 
fields. This result clearly stresses the role of the atomic 
dynamics at the common origin of the two phenomena. 
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It is nevertheless interesting to point out that from a 
different point of view, EIT has been usually associated 
to the existence of a stationary dark-state (a quantum 
superposition of ground state sub-levels not coupled to the 
excited state) in which the atomic population is trapped 
p9[ . This arises the question of whether a corresponding 
"bright-state" can be identified to correspond to EIA. 

The identification of the steady state of the system, in 
the case of EIA, as well as for EIT, is greatly simplified 
in the present context (degenerate levels, B — 0) since at 
resonance (6 — 0) the pump and probe fields reduce to 
a single field. Consequently, the stationary state of the 
system is simply the result of the optical pumping of the 
degenerate two level-system by the unique field. When 
the conditions for EIT are satisfied (F g > F e ) this results 
in the falling of the system into the uncoupled sub-space 
of the ground level. When EIA occurs (F g < F e ), all 
the ground level manifold is affected by the light. In 
this case, the steady state of the system is shared by the 
ground and the excited level. Unlike in the case of EIT, 
the steady state corresponding to an EIA resonance is 
obviously not stable (in the absence of the fields) since it 
is affected by spontaneous emission. 
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FIG. 4. Absorption at 8 = 0, B = 0, j/T = 0.001 for 
different closed atomic transitions and different pump and 
probe polarizations as a function of the saturation parameter 
S = 2[2£i {g \\D\\ e) / (hT)] 2 (solid lines). The absorption is 
normalized to the maximum linear absorption. The dashed 
lines represent the incoherent optical pumping contribution 
(see text). The corresponding F g — > F e = F g + 1 transition 
is indicated in each case. The pump and probe polarizations 
are linear and orthogonal (a, 6), circular and equal (c, d) and 
circular and opposite (e, /). 

We address now the question of the amplitude of the 
coherence resonance in the probe absorption. We restrict 
ourselves to closed transitions of the type F g — > F e = 
Fg + 1 where EIA occurs. The coherence resonance ampli- 
tude depends on the angular momenta of the levels con- 



sidered, the optical polarizations, the pump intensity and 
the rate 7. Some examples of the intensity dependence of 
the absorption at 8 = for different F g (F e = F g + 1) and 
the optical polarizations are shown in Fig. || The ab- 
sorption is normalized to the probe absorption in the ab- 
sence of the pump and it is presented as a function of the 
saturation parameter S = 2[2Ei (e \\D\\ g) /(hT)] 2 which 
is proportional to pump intensity. Also shown in Fig. |] 
is the contribution to the probe absorption which is only 
due to the incoherent optical pumping by the pump field. 
This contribution, obtained taking V\ = in Eq. [l^, in- 
cludes the effect of Zeeman optical pumping and optical 
saturation produced by the pump field but ignores coher- 
ent two-photon processes involving both fields. The max- 
imum resonant enhancement of the absorption occurs for 
linear and perpendicular pump and probe polarizations. 
Notice that in this case, the incoherent optical pump- 
ing contribution remains below the linear absorption for 
all intensities. When the polarization of the two fields 
are the same, (Fig. ||c,d) the coherent enhancement of 
the absorption is smaller and there is a significant contri- 
bution to the absorption enhancement from incoherent 
optical pumping. No absorption enhancement occurs for 
circular and opposite pump and probe polarizations Fig. 
||(e,f). Notice that Figs. ||(d) and|](f) correspond to the 
pure two-level and V schemes respectively. 
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FIG. 5. Rel- 

ative absorption enhancement r\ = (a — at) /at at 5 = 0, 
5 = 0, 7/r = 0.001 for different F g -» F e = F g + 1 closed 
atomic transitions as a function of the saturation parameter 
S (oil is the maximum linear absorption). The pump and 
probe polarizations are linear and orthogonal. 

As is also the case for EIT |34| , in the weak pump limit 
the amplitude of the EIA resonance is linear in the pump 
intensity as shown in Fig. ^| for linear and perpendicu- 
lar pump and probe polarizations [si] ]. Notice that for 
a weak pump field the higher absorption enhancement 
factor is obtained for F g = 1 and decreases for increasing 
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Fg. However, the maximum value of the enhancement 
increases with F g for the values considered in Fig. ||. 
The maximum absorption enhancement is obtained for a 
saturation parameter close to unity. At higher intensi- 
ties the absorption at zero frequency offset decreases as 
a consequence of the dynamic Stark effect . 
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FIG. 7. Refractive index spectra for the probe field as a 
function of the frequency offset 8 for two closed atomic tran- 
sitions. B = 0, Hi/r = 0.4, 7/r = 0.001. The pump and 
probe polarizations are linear and orthogonal. The vertical 
positions of the traces are arbitrary. The vertical scale is the 
same for both curves. 



FIG. 6. Linewidth A (half width at half maximum) of the 
coherence absorption resonance at <5 = 0, £> = 0, 7/r = 10~ 4 
for the closed F g = 1 — > F e = 2 transition as a function of the 
saturated parameter S. The pump and probe polarizations 
are linear and orthogonal. 

The linewidth A of the EIA and EIT resonances 
(FWHM) is determined, at low pump field intensities, 
by the finite interaction time. It is given by A = 27. At 
larger pump intensities power broadening occurs with A 
increasing linearly with the pump intensity (see Fig. |^) 
|27| . This behavior is analogous to the observed for EIT 
resonances in A configurations (l^] . 

The sharp variations in the absorption corresponding 
to EIT or EIA resonances are accompanied by modifica- 
tions of the refractive index. Fig. fj] shows the calculated 
refractive index variation for the probe field for two dif- 
ferent closed transitions with linear and orthogonal pump 
and probe polarizations. Very steep normal and anoma- 
lous dispersion takes place for EIT and EIA respectively 
pt| corresponding to small absolute values of the group 
velocity which may be negative in the case of EIA p?J . 



2. Spectra in the presence of a magnetic field. 

The presence of a magnetic field removes the degen- 
eracy of the atomic level. As a consequence, the narrow 
resonances corresponding to EIT or EIA split into several 
components. The position of each component is given by 
a resonance condition for a Raman transition between 
two ground-state Zeeman sublevels involving one pump 
photon and one probe photon. The selection rules deter- 
mining the number of resonances are the same for EIT or 
EIA. However the spectra obtained under the same po- 
larizations and intensities of the pump and probe fields, 
present some qualitative and quantitative differences in 
addition to the sign inversion. Fig. |^ present the compar- 
ison of the EIT and EIA spectra calculated for the closed 
transitions F g — 3 — > F e — 4 and F g = 2 — ► F e = 1. ft is 
interesting to point out that whenever it is allowed by the 
Raman selection rules, the line corresponding to transi- 
tions from Zeeman sublevels to themselves is present in 
the spectra. This is the case of Fig. ||a. The correspond- 
ing peak occurs at zero pump-probe frequency offset in- 
dependently of the value of the magnetic field. Also for 
some combinations of the pump and probe polarizations 
(for instance a + and o~ respectively) there is a unique 
resonance whose position depends on the value of the 
magnetic field (Fig. ^p). 
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FIG. 8. a-c: Calculated probe absorption spectra under 
the presence of a magnetic field 

{PgB/T = 0.01, fii/r = 0.3, 7/r = 0.001) for the transitions 



4 (solid) and F g 



F e = 1 (dashed). 



The vertical positions of the traces are arbitrary. The ver- 
tical scale is the same for all curves, d-f: Measured probe 
absorption spectra with the laser tuned to the transitions 
5S 1/2 {F 3 = 3) -> 5P 3 /2 (solid) and 5S 1/2 {F g = 2) -> 5P 3 /2 
(dashed) of S5 Rb under the presence of a magnetic field 
\l3 a B/2ir » 50 fe#z, T/27T = 5.9 Mi?z). The vertical po- 
sitions of the traces are arbitrary. The vertical scale is the 
same for all curves. 



C. Four- wave-mixing spectra. 




s/r 



FIG. 9. 



Power of FWM emission as a function of the fre- 
quency offset 8 for the closed F g = 1 — » F e = 2 transition 
(5 = 0, 7/r = 0.001). The pump and probe polarizations 
are linear and orthogonal. 



When the conditions for coherence resonances are sat- 
isfied a large increase in the intensity of the field gener- 
ated at frequency 2u\ — uj 2 occurs. The generated FWM 
power as a function of 5 is presented in Fig. ^ in the 
case of orthogonal and linear pump and probe polar- 
izations and no magnetic field (notice the vertical log- 
arithmic scale) . As seen the coherence resonance peak of 
FWM can be several orders of magnitude larger than the 
non-resonant background of width ~ T. The high con- 
trast is a consequence of the triple resonant interaction of 
the three fields involved in the nonlinear mixing process 

il. 
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The importance of level degeneracy on FWM genera- 
tion was long ago appreciated. It plays an essential role in 
connection with the study of collision-induced resonances 
Ipgj^ljql. Recently, FWM in a degenerate two- level sys- 
tem was used for the construction of a phase conjugate 
resonator [^o). We analyze now the predictions of our 
model concerning the generation of a new field by FWM 
according to Eq. EG. 



FIG. 10. Power of FWM emission as a function of the fre- 
quency offset 8 for the closed F g = 1 — » F e = 2 transition 
under the presence of a 

magnetic field (/3 g B/T = 0.005, 7/r = 0.001). The pump 
and probe polarizations are: a) linear, orthogonal and trans- 
verse respect to B. b) linear, orthogonal and probe along B. 
c) pump circular transverse, probe linear along B. 
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Under the presence of a magnetic field the FWM spec- 
tra splits into several peaks. Fig. [l^ shows some exam- 
ples of calculated spectra obtained for different pump and 
probe polarizations. The selection rules governing reso- 
nant FWM result from two simultaneous requirements 
on the pump and probe polarizations: a) A three-photon 
transition from the ground to the excited level involving 
the absorption of two pump photons and the emission 
of one probe photon should be permitted, b) An elec- 
tric dipole transition should be allowed between the ini- 
tial (ground) and the final (excited) sublevels connected 
by the three-photon processes. These rules are different 
from the rules corresponding to probe absorption. For 
instance, no coherence resonance in FWM occurs if the 
pump and probe polarizations are circular and opposite. 
However, absorption resonances are generally observable 
in this case. 

To our knowledge, the results presented here consti- 
tutes the first detailed calculation of coherence reso- 
nances spectra in FWM involving Zeeman sublevels in 
degenerate two-level system. 



D. Population modulation spectra. 

The modulation of the excited state population results 
in modulation of the emitted fluorescence according to 
Eq.^l]. This modulation has a similar origin than that 
discussed in the context of CPT in a driven A system |ll| . 
As mentioned in the modulation in the fluorescence 
is intimately connected to FWM. In the context of the 
present paper, this connection is the natural consequence 
of the coupling between <r+,, <j+ , a^ g and <r+ described 
byEq.[l§ 



FIG. 11. Fluorescence modulation at the frequency of the 
pump to probe offset 8/2tv — 200 kHz as a function of mag- 
netic field, a) Calculated signal for the closed transitions 
F a = 3 -> F e = 4 (solid) and F g = 2 -> F e = 1 (dashed) with 
fii/T = 0.3, 7/T = 0.001, Y/2% = 5.9 MHz), b) Measured 
signal with the laser tuned to the transitions 5Si/ 2 (Fg = 3) 
-> 5P 3/2 (solid) and 5S 1/2 (F g = 2) -> 5P 3/2 (dashed) of 85 Rb. 
The pump and probe polarizations are linear, parallel and 
transverse with respect to B. The vertical positions of the 
traces are arbitrary. 

Population modulation is due to the coupling of the 
optical coherence induced by one of the fields between 
two Zeeman sublevels in the ground and the excited state 
with the second field. In consequence, it occurs when the 
two fields couple the same pair of excited and ground 
Zeeman sublevels. If the polarizations of the two fields 
are the same and correspond to a proper polarization 
with respect to the magnetic field orientation (<7 + , o~ 
or 7r), the modulated fluorescence present no resonance 
narrower than T as a function of the pump to probe fre- 
quency offset. However, interesting interference effects, 
resulting in coherence resonances (linewidth determined 
by 7) , occur for other pump and probe polarizations. 
Fig. |l|(a,b) shows the calculated modulated component 
of the total fluorescence for two different transitions as 
a function of the magnetic field for fixed pump-probe 
frequency offset and the same transverse linear polariza- 
tion. Three coherence resonances are present in this case. 
The central one corresponds to zero magnetic field. The 
positions of the two lateral peaks correspond to the con- 
ditions for resonant Raman transitions between Zeeman 
sublevels. The signs of the resonances are opposite in 
the case of transitions corresponding to EIA (Fig, 11 a) or 
EIT (Figjufa). Notice the larger relative variation of the 
pulsation amplitude in the case of EIT. 




-100 100 -100 100 
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E. Oscillating magnetic dipole spectra. 

The simultaneous interaction of an atomic system with 
two fields can result in the driving of Zeeman coherence 
in the ground state. This coherence can in turn be re- 
sponsible for electromagnetic emission |Q . To illustrate 
this phenomenon, in the case of degenerate two-level sys- 
tem, we analyze the predictions of our model concerning 
the induced ground-state magnetic dipole oscillating at 
frequency S (Eq.|2^) . 
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FIG. 12. Calculated modulus of the ground state magnetic 
dipole modulated at fre- 

quency S for /3 9 B/r = 0.01, fii/r = 0.01, 7/r = 0.001. The 
pump and probe polarizations are: a) pump linear transverse, 
probe linear along B. b) pump and probe linear orthogonal 
and transverse respect to B. 

The selection rules governing the oscillating magnetic 
dipole spectra differ from those of the previously ana- 
lyzed processes. Some examples of the predicted oscillat- 
ing magnetic dipole as a function of the magnetic field for 
fixed pump to probe frequency offset are shown in Figjl^. 
Coherence resonances in the oscillating dipole modulus 
take place when the two fields couple adjacent ground 
state Zeeman sublevels. This is the case of Fig.^2|a cor- 
responding to 7r polarized pump and a transverse and 
linearly polarized probe. The coherence resonance illus- 
trated in Figjl^b corresponding to transverse, orthogonal 
linearly polarized pump and probe is somehow different 
since its position (B = 0) does not correspond to a two 
photon process between different Zeeman sublevels. The 
resonance can be understood, in this the result of 

interference between two non resonant two-photon pro- 
cesses. In every case the resonance width are determined 
by the relaxation rate 7. 



the power of the laser beam was used as the pump field. 
The probe field was generated by frequency shifting a 
fraction of the laser beam with two consecutive acousto- 
optic modulators, one of them driven by a variable RF 
source. In this way two mutually coherent pump and 
probe waves were generated with tunable frequency off- 
set 5. The polarization of the two fields were indepen- 
dently controlled. Perfect overlap between the two fields 
was achieved by propagating them along a 50 cm single 
mode optical fiber that did not significantly modify the 
polarizations. The light was sent through a 2 cm long 
vapor cell. The power of the pump and probe at the 
atomic sample were 0.8 mW and 50 fiW respectively. 
The atomic cell was placed within Helmholtz coils for 
magnetic field control. For the probe absorption mea- 
surements, the pump beam was blocked by a polarizer, 
(extinction ratio larger than 200) while the probe inten- 
sity was detected with a photodiode. To enhance sensi- 
tivity and signal to noise ratio, a two-frequency lock-in 
detection technique was used |jt3| . For this, the pump 
and probe fields were chopped at the frequencies /1 and 
/2 (around 1 kHz) respectively and the photodiode out- 
put current was analyzed at frequency /1 + /2 by a lock-in 
amplifier. By this means only the non-linear component 
of the probe transmission, dependent on the pump and 
probe intensities, was detected. 

For the measurement of the excited state population 
modulation, the atomic fluorescence was collected with 
a large area photodiode (1cm diameter) situated close to 
the vapor cell. The photodiode current was sent to an 
RF frequency analyzer operating in the zero span mode, 
that is measuring the RF input amplitude at a fixed fre- 
quency set equal to the probe to pump frequency offset 
S. A fixed value of S = 200 kHz was used while the 
longitudinal magnetic field at the cell was scanned over 
a few hundred milligauss around the zero magnetic field. 
During these measurements the cell was surrounded by 
a fi— metal shield reducing the ambient magnetic field to 
less than 10 mG. The scanning of the longitudinal mag- 
netic field was accomplished with coils placed inside the 
magnetic shield. 



III. EXPERIMENTS. 
A. Setup. 

The experiments were performed on the D2 line of 
85 Rb. The experimental setup is similar to the one pre- 
viously presented |^,^|. We remind here the principal 
features. The pump and probe fields were generated from 
the output of a unique extended cavity diode laser. This 
laser was locked, with the help of an external servo loop, 
to a saturated absorption line obtained from a reference 
Rb vapor cell. The frequency uncertainty of the locked 
laser is less than 1 MHz over several minutes. Most of 



B. Results. 

1. Probe absorption. 

Fig. ^(d-f ) shows several examples of probe absorption 
spectra obtained for different orientations of the magnetic 
field and the optical fields polarizations. In each figure 
division, two spectra obtained from the excitation of the 
lower and the upper ground-state hyperfme levels of 85 Rb 
under the same optical fields intensities and polarizations 
are presented. When the lower ground-state hyperfme 
level is addressed EIT resonances are observed while in 
the case of the upper ground-state hyperfme level EIA 
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occurs. The agreement between the predictions of the 
model and the observations is quite satisfactory. This 
agreement may seem rather surprising since in the va- 
por cell, due to the velocity distribution, three different 
atomic transitions, one closed and two open contribute 
to the signal in each case. On all open transitions as 
well as on the closed F g = 2 — * F e = 1 transition EIT 
occurs. Only on the F g = 3 — » F e = 4 transition EIA 
takes place p8[ . However, due to optical pumping the 
absorption signal is essentially determined by the closed 
transitions resulting in the qualitative agreement with 
the theoretical prediction. Some differences are never- 
theless observed: The relative strength of the EIA and 
EIT transitions are not the same than in the calculation 
and the small EIA resonance predicted in Fig.||c is not 
visible in the experiment (Fig.^f). We have verified that 
a closer agreement between the experimental observation 
and theory can be achieved by taking into account the 
excited state hyperfine structure and the atomic velocity 
distribution according to the procedure described in |p8| . 

2. Modulated fluorescence. 

The measured signal corresponding to the fluorescence 
modulated at frequency 5 — 200kHz is presented in 
Fig.O(c,d). The traces are composed of a constant back- 
ground over which narrow resonances are visible. The 
modulated fluorescence is of the order of 10~ 3 times the 
total fluorescence. The contrast of the coherence reso- 
nances with respect to the constant background is larger 
in the case of the lower ground state hyperfine level 
(~ 20%) compared to that of the upper ground state 
hyperfine level (~ 5%). The width of the peaks are de- 
termined by magnetic field inhomogeneities. 

The main features in the observed curves are in good 
qualitative agreement with the predictions based on the 
theoretical model valid for atoms at rest. This indicates 
that, as in the case of absorption, the spectra are dom- 
inated by the corresponding cycling transition and that 
the influence of the Doppler effect on the coherence res- 
onances positions is not essential. More elaborate cal- 
culations including velocity integration and summation 
over excited state hyperfine levels provide closer agree- 
ment with the observations Mm. The results reported 
here constitute, to our knowledge, the first demonstra- 
tion of the observation of coherence resonances through 
the analysis of fluorescence modulation. 

C. Conclusions. 

The response of a degenerate two-level atomic system 
to the simultaneous presence of a pump and a probe field 
has been examined with the help of a theoretical model 
allowing the numerical calculation of the atomic response 



in a large variety of situations. Based on this model, the 
manifestations of the coherent nature of the atom-field in- 
teraction on different observables were analyzed and the 
corresponding spectra calculated. Most of these observ- 
ables present narrow coherence resonances whose width 
is essentially determined by the ground-state relaxation. 
The dependence of the coherence resonances spectra on 
the atomic transition, the optical fields polarizations and 
magnetic field was investigated. Two experimental obser- 
vations are compared with the predictions of the model: 
the probe absorption spectra in the presence of a mag- 
netic field and the modulated fluorescence dependence on 
magnetic field. 

The results reported in this paper illustrate the rich- 
ness of the coherent response of degenerate two level 
systems. Further study of coherence resonances in de- 
generate two-level systems should broaden our present 
understanding of coherent processes. In addition, it may 
provide the base for interesting applications such as mag- 
netic field measurement [p2| or refractive index manipu- 
lation j37|. 
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